Refrigeration is of vital importance for modern society-for example, for food storage and air conditioning-and 25 to 30 per cent of the world's electricity is consumed for refrigeration 1 . Current refrigeration technology mostly involves the conventional vapour compression cycle, but the materials used in this technology are of growing environmental concern because of their large global warming potential 2 . As a promising alternative, refrigeration technologies based on solid-state caloric effects have been attracting attention in recent decades 3-5 . However, their application is restricted by the limited performance of current caloric materials, owing to small isothermal entropy changes and large driving magnetic fields. Here we report colossal barocaloric effects (CBCEs) (barocaloric effects are cooling effects of pressureinduced phase transitions) in a class of disordered solids called plastic crystals. The obtained entropy changes in a representative plastic crystal, neopentylglycol, are about 389 joules per kilogram per kelvin near room temperature. Pressure-dependent neutron scattering measurements reveal that CBCEs in plastic crystals can be attributed to the combination of extensive molecular orientational disorder, giant compressibility and highly anharmonic lattice dynamics of these materials. Our study establishes the microscopic mechanism of CBCEs in plastic crystals and paves the way to nextgeneration solid-state refrigeration technologies.
However, caloric effects of current leading materials are characteristic of entropy changes of dozens of joules per kilogram per kelvin [3] [4] [5] . Thus, it is essential to enhance caloric effects by optimizing the working materials. Here we find that plastic crystals are promising next-generation BCE materials, with colossal entropy changes driven by relatively smaller pressures.
Plastic crystals (also termed 'orientation-disordered crystals') are a class of highly disordered solids 11 in which organic molecules (sometimes also inorganic structural blocks) are oriented randomly while their mass centres form highly symmetric lattices, such as the face-centred-cubic (fcc) structure. Upon cooling, the molecules exhibit 1 Shenyang National Laboratory (SYNL) for Materials Science, Institute of Metal Research, Chinese Academy of Sciences, Shenyang, China. 2 J-PARC Center, Japan Atomic Energy Agency, Tokai, Japan. 3 Division of Chemical Engineering, Department of Materials Engineering Science, Graduate School of Engineering Science, Osaka University, Osaka, Japan. 4 Department of Physics and Astronomy, University of California, Irvine, CA, USA. 5 Hunan Key Laboratory of Super Microstructure and Ultrafast Process, School of Physics and Electronics, Central South University, Changsha, China. 6 Department of Mechanical Engineering, Materials Science and Engineering Program, FAMU-FSU College of Engineering, Florida State University, Tallahassee, FL, USA. 7 Synchrotron X-ray Group, Research Center for Advanced Measurement and Characterization, National Institute for Materials Science (NIMS), Sayo, Japan. 8 SPring-8, Japan Synchrotron Radiation Research Institute, Sayo, Japan. 9 Center for High Pressure Science and Technology Advanced Research, Beijing, China. 10 Australian Nuclear Science and Technology Organization (ANSTO), Lucas Heights, New South Wales, Australia. 11 National Synchrotron Radiation Research Center, Hsinchu, Taiwan. 12 [12] [13] [14] [15] [16] [17] [18] . b, Compressibility of typical regular solids and plastic crystals [20] [21] [22] . c, Absolute values of maximum entropy changes, |ΔS max |, for leading caloric materials [3] [4] [5] [24] [25] [26] [27] [28] [29] . The values for plastic crystals are calculated using the Clausius-Clapeyron relation (Extended Data Table 1; in Extended Data Table 2 the entropy changes are also given in J cm −3 K −1 for reference). For NPG, the directly measured value is shown in Fig. 4b . The background shading indicates the regions in which values for plastic crystals (blue) and regular solids (orange) are found. eCE, elastocaloric effect; PVDF-TrFE, poly(vinylidene fluorideco-trifluoroethylene).
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preferred orientations, which results in a disorder-to-order transition with lattice symmetry breaking. Together with these transitions, huge entropy and/or enthalpy changes are obtained because of the removal of the degeneracy of the many accessible configurations in the disordered state. Owing to this feature, plastic crystals have been used as solidstate thermal energy storage materials 11, 12 . As shown in Fig. 1a , their enthalpy changes during solid-state transitions from the ordered state to the plastic phase are substantially larger than fusion enthalpies 12-14 , in sharp contrast to regular solids, such as Fe (ref. 15 ), Mn (ref. 16 ), Ti (ref. 17 ) and SnSe (ref. 18 ). This means that most of the heat stored in plastic crystals is released during solid-state transitions rather than during melting.
CBCEs can be expected in plastic crystals if disorder-to-order phase transitions can be induced by pressure. Thus, high sensitivity to the applied pressure is a prerequisite for CBCEs, which means that a tiny pressure is able to induce a huge lattice contraction. As implied by their name 19 , plastic crystals are usually soft and easily deformed owing to their large compressibility, which is inversely proportional to their density and the square of the speed of sound. We compare the compressibility of leading plastic crystals with that of regular solids [20] [21] [22] in Fig. 1b . It can be seen that the former is almost two orders of magnitudes larger than the latter.
The direct lattice effect induced by pressure is translated into entropy changes through dP/dT according to the Clausius-Clapeyron relation 5 , where P is the pressure and T is the temperature. For a given system, dP/dT is proportional to the Grüneisen parameter 23 γ, which is a measure of how anharmonic a system is-hence, the more anharmonic a system, the larger the entropy changes obtained. Large anharmonicity is usually found in plastic crystals because they have giant thermal expansion coefficients 20 .
Consequently, the combination of extensive disorder, giant compressibility and strong anharmonicity makes plastic crystals ideal hosts for the BCE. As shown in Fig. 1c , colossal entropy changes of around 629 J kg −1 K −1 at about 350 K in 2-amino-2-methyl-1,3-propanediol (AMP) and of 389 J kg −1 K −1 in neopentylglycol (NPG) at around room temperature can be obtained-these entropy changes are almost ten times larger than those observed in leading caloric materials so far [3] [4] [5] [24] [25] [26] [27] [28] [29] . Focusing on the representative plastic crystal NPG, we utilize synchrotron X-ray diffraction (XRD), high-resolution quasi-elastic neutron scattering (QENS) and inelastic neutron scattering (INS) techniques to establish the microscopic mechanism of CBCE in plastic crystals.
The molecular configuration of NPG is characteristic of a tetrahedral motif 30 , as shown in the inset of Extended Data Fig. 1b . The five carbon atoms form a tetrahedron, in which two carbon atoms are attached to hydrogen atoms in the methyl group, whereas two others form the hydroxymethyl group. At room temperature, the NPG molecules are ordered on a monoclinic lattice with space group P2 1 /n. This ordered phase transforms into an fcc lattice at T t ≈ 314 K on heating. Such a structural transition is evidenced by both elastic neutron scattering and synchrotron XRD measurements (Extended Data Fig. 1 ) and is coupled with the hydrogen atoms because the incoherent scattering intensity shows an upturn at T t (Extended Data Fig. 1b ).
Next, we move to the dynamic aspects of this compound. In an INS spectrum expressed as a function of energy transfer (E), the peak centred at E = 0 represents the elastic information from the static structure, whereas a few peaks centred at E ≠ 0 represent inelastic scattering originating from excitations such as phonons. In some systems, diffusive and/or reorientational motions lead to QENS, which appears underneath the elastic line. Even though QENS is centred at E = 0, similar to the elastic line, it exhibits finite linewidth that is inversely related to the typical time scales of the motions. QENS on a hydrogen-containing molecular system gives direct information on how molecules move. Therefore, we performed QENS measurements on NPG at selected temperatures near T t . Shown in Fig. 2a are the contour plots of the dynamic structure factor S(Q, E) as a function of momentum transfer (Q) and energy transfer (E) with incident neutron energy 
and 320 K (c). The multiplecomponent fitting is also shown. One Lorentzian function is needed at 300 K. However, two Lorentzians are involved at 320 K, with Lorentzian 1 being wider (fast motion) than Lorentzian 2 (slow motion). d, e, Linewidth at 300 K (d) and 320 K (e). f, g, The EISF at 300 K (f) and 320 K (g), determined by repeating the fitting at different Q positions using the partial C 3 model and the isotropic reorientational model. r, rotational radius; a.u., arbitrary units.
Letter reSeArCH E i = 2.64 meV. The intense stripes centred at E = 0 represent the elastic line, which contains most of the scattering intensity. It can be seen that the elastic lines dominate the spectra at 250 K and 300 K. At 320 K, just above T t , a less-intense signal spreads out from E = 0 and weakens as E increases, which corresponds to QENS originating from hydrogen atoms.
At selected Q positions where the Bragg peaks are absent, twodimensional S(Q, E) data were sliced for QENS fitting (Methods). Shown in Fig. 2b , c are the sliced data for 0.9 Å −1 ≤ Q ≤ 1.0 Å −1 at 300 K and 320 K, respectively. The data at 300 K can be well reproduced by a combination of a delta function, a Lorentzian function and a constant background, which are convoluted with the instrumental resolution (Extended Data Fig. 2a ). However, an extra Lorentzian function is needed to reproduce the data at 320 K. The linewidth (Γ) of one component is almost 10 times larger than that of another, which means that this motion is much faster. By repeating the fitting at other Q positions, we are able to obtain the intensity of each component and Γ for the Lorentzian function(s). The Q dependences of Γ are summarized in Fig. 2d , e. Both modes exhibit a weak Q dependence, indicating that the associated motions are highly localized. The temperature dependence of Γ for 0.9 Å −1 ≤ Q ≤ 1.0 Å −1 above T t is fitted to the Arrhenius relation and the obtained activation energy E a is about 47(3) meV (all uncertainties are one standard deviation) for the isotropic reorientational mode (Extended Data Fig. 2d ).
On the basis of these results, we introduce the elastic incoherent scattering factor (EISF). The EISF is defined as the ratio between the elastic and the total intensity (Methods), and its Q dependence is directly linked to the nature of the mode. As shown in Fig. 2f , the EISF at 300 K can be well reproduced on the basis of the threefold (C 3 ) reorientational mode of hydrogen atoms in the methyl groups because the obtained H-H distance in the fitting is 0.82(4) Å (Extended Data Fig. 2e ). The EISF for both modes at 320 K is plotted in Fig. 2g . We can see that the EISF of the slow mode decays much more quickly than that of the fast one. The latter is almost identical to the EISF at 300 K, which can also be well reproduced with the partial C 3 model. The slow mode is close to an isotropic reorientational mode with a radius of 0.85(5) Å. This value is approximately equal to the effective distance of the centres of gravity of hydrogen atoms if we simplify the molecular configuration (Extended Data Fig. 2f ). Overall, the hydrogen atoms in the methyl group are subjected to C 3 reorientation in both ordered and disordered phases (C 3 reorientation might be further frozen at about 60 K; see Extended Data Fig. 1b ), while the whole molecule undergoes isotropic reorientation in the disordered phase.
As we discussed in the beginning, anharmonic lattice dynamics plays a crucial role in BCE. Thus, INS was used to investigate the phonon density of states. Shown in Fig. 3a is the contour plot of S(Q, E) at 5 K for E of up to 20 meV. The figure shows a series of bands centred at E ≠ 0, which represent optical phonons. The Q-sliced data at 3 Å −1 ≤ Q ≤ 4 Å −1 are plotted in Fig. 3b . These phonons appear as well-defined peaks. As the temperature increases, the phonon peaks are gradually broadened and become hardly distinguishable above T t owing to the molecular orientational disorder (Extended Data Fig. 3 ). Focusing on the mode at 12.7 meV, which is related to a stretching mode, we track its temperature dependence (inset of Fig. 3b ) by combing the AMATERAS and PELICAN data (Extended Data Fig. 3e ). It is clear that the mode softens substantially with increasing temperature, which is indicative of giant anharmonicity, given that the microscopic Grüneisen parameter is defined as
where V is the volume of a solid and ω i is the frequency of phonon mode i (ref. 31 ).
While the structure and dynamics of the system under ambient pressure are well understood, here we turn to its pressure-dependent properties. Shown in Fig. 4a is a phase diagram determined using high-pressure differential scanning calorimeters (DSCs). There is a thermal hysteresis of about 14 K. As shown in Fig. 4b , for a pressure change from ambient pressure to 91.0 MPa the directly measured entropy change is 384 J kg −1 K −1 , which is highly consistent with the value of 389 J kg −1 K −1 estimated using the Clausius-Clapeyron relation (Fig. 1c ). This is because the giant compressibility and strong anharmonicity mean that all entropies of the phase transition are released at this pressure. Actually, more than 50% of the maximum entropy changes are achieved at pressures as low as 15.2 MPa, and the entropy changes tend to be saturated at about 45.0 MPa; such low driving pressures are desirable for real applications.
Our synchrotron XRD measurements suggest that the structural phase transition can be induced by a pressure of 200 MPa at 318 K, as shown in Fig. 4c , indicating that the CBCE is related to such a pressureinduced phase transition. More strikingly, the pressure-dependent QENS data directly provide insights into the microscopic dynamics of the system. It can be seen in Fig. 4d , e that the QENS signal, which appears as a trail of the intense elastic line, is mostly suppressed under a pressure of 286 MPa. Indeed, the QENS intensity is already effectively suppressed even at a lower pressure of 178 MPa (Extended Data Fig. 6 ). These QENS data directly verify that orientational disorder is restrained by the pressure, inducing entropy changes. The pressure suppression of orientational disorder is also manifested in phonons. Shown in Fig. 4f , g are S(Q, E) with E i = 23.72 meV at ambient pressure and at 286 MPa, respectively. It is clear that the phonons centred at about 4 meV become considerably sharper at 286 MPa, which is attributed to the reduced scattering by the orientational disorder. In addition, the pressure effect is demonstrated using molecular dynamics simulations. As shown in Fig. 4h , i, the snapshots of dynamic structures display a transformation to ordered arrangements of molecules with increasing pressures of up to 200 MPa. In fact, the disorder is already effectively suppressed at 100 MPa (Extended Data Fig. 7b ). These experimental and theoretical insights unambiguously indicate that the CBCE of NPG can be attributed to the suppression of the extensive orientational disorder by pressure.
We have established the microscopic mechanism of CBCEs in plastic crystals by taking NPG as an example. For the practical application of plastic crystals in solid-state refrigeration technologies, two important issues have to be addressed. Even though the estimated adiabatic temperature change is as high as 50 K (Methods), many engineering optimizations are needed to approach this value, such as enhancing thermal conduction and reducing heat dissipation by compositing with thermally conductive materials 32 . Moreover, the drawback of thermal hysteresis could be overcome by creating a reversible refrigeration cycle based on the combination of electric field and pressure, in analogy to MCE 33 , given that most molecules of plastic crystals, including NPG, are polar 14 .
To summarize, we have discovered that plastic crystals exhibit CBCEs and revealed the microscopic origin through pressure-dependent QENS and INS measurements. Plastic crystals are very promising for practical refrigeration applications given that they are abundantly available, environmentally friendly and easily driven and have high performance. Our work indicates a new direction for emergent solid-state refrigeration technologies. 
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Sample.
A powder sample of NPG (IUPAC name: 2,2-dimethyl-1,3-propanediol) with 99% purity was purchased from Sigma-Aldrich. The as-received powder was checked using an in-house X-ray diffractometer (D8 Advance, Bruker) and a DSC (Q1000, TA Instruments). High-pressure calorimetric measurements. Heat flow data were collected using the DSC μDSC 7 EVO at Osaka University, Japan at 0.1, 15.2, 30.4, 45.0, 71.5 and 91.0 MPa (Fig. 4b ) and at Setaram, France at 0.1, 50, 80 and 100 MPa (Extended Data Fig. 6d ). The samples were capsuled in high-pressure vessels and the required pressures were generated through high-pressure nitrogen gas controlled by a high-pressure gas panel. The scanning rate was 0.1 K min −1 . The phase-transition temperature was defined as the temperature at which the heat flow peaked. The entropy changes under constant pressures were calculated by integrating the heat flow Q(P, T), after subtracting the baseline, in the temperature interval between T 1 and T 2 ,
where T′ is the temperature ramping rate 24, 34 . Hence, the pressure-induced entropy changes for the pressure change from the ambient (P 0 ) to the applied pressure (P) were calculated as
The obtained entropy changes allowed us to estimate the adiabatic temperature changes. A previous study suggested that the specific heat near the phase transition is about 250 J mol −1 K −1 (off the peak) 35 , which only accounts for about 50% of the 3R value determined by the Dulong-Petit law (where R is the gas constant, and 3R is the upper limit on the specific heat of a solid according to the Dulong-Petit law). This is because the frequencies of most vibrational modes are higher than 30 meV, as suggested by density functional theory (DFT) calculations (Extended Data Fig. 7c ), so many modes are not excited at room temperature and the specific heat is not saturated. It is known that the lattice of a caloric material acts also as the thermal loading in a refrigeration cycle, so a system with fewer atoms in the unit cell is desirable for efficient refrigeration application. Even though a plastic crystal may consist of very complex molecules, excellent caloric performance is guaranteed by the unique lattice dynamics. By taking the specific heat, we estimate that the maximum adiabatic temperature changes 34 are as high as 50 K. Synchrotron XRD. Synchrotron XRD measurements were performed at the high-resolution X-ray diffractometer BL02B2 of SPring-8 in Japan using a powder sample of NPG sealed in a capillary under ambient pressure 36 . The wavelength was 0.9994 Å. The sample was heated from 273 K to 353 K, with 10 K as the step, and a constant-temperature scan was carried out for 30 s. The diffraction data were analysed using Jana 2006 37 and a monoclinic model for the low-temperature phase 30 . The lattice constants of the high-temperature phase were calculated using the Bragg peaks of (111) and (200). The high-pressure synchrotron XRD data were collected at the high-energy X-ray diffractometer BL04B2 of SPring-8 using a diamond anvil cell 38 Fig. 3 . The high-pressure INS data were collected with the same E i but with a slit size of 30 mm to enhance the intensity, using a clamped cell made of an Al-Zn-Mg-based alloy (Mesoalite) 44 . The powder sample was mixed with reagent-grade KBr powder (Kanto Chemical) to reduce multiple scattering and to ensure quasi-hydrostatic conditions. We note that KBr has very limited incoherent scattering length, which is very important for QENS measurements. A mixture of the sample and KBr powder at a volumetric ratio of 1:1 was used to fabricate a pellet of 6.5 mm diameter and 22.5 mm length, which was inserted into a sample cell made of Teflon. The sample was compressed to the desirable loading with a hand press, using a load-pressure curve determined beforehand. The actual pressure generated in the cell was determined at the high-pressure neutron diffractometer (PLANET) of J-PARC 45 from the change of the lattice parameters of KBr using the equation of state 46 . We note that the inelastic signals at about 1.3, 2.6, 4.4 and 5.1 Å −1 in Fig. 4d The instrument was configured for incident neutrons with a wavelength of 5.96 Å, affording an energy resolution of 0.065 meV at the elastic line for this experiment. A powder sample of NPG was loaded into a flat-plate aluminium can with a sample thickness of 0.2 mm under dry nitrogen gas environment. The sample was oriented at 135° to the incident neutron beam. A top-loading cryostat was used to maintain the sample temperature from 10 K to 350 K. A background spectrum (for an empty can) and the instrument resolution function (from a standard vanadium sample) were collected under the same configuration as the sample measurements. The spectrum of the vanadium standard was also used for detector normalization. All data reduction and manipulation, including background subtraction and detector normalization, were done using the Large Array Manipulation Program (LAMP) 49 . The general density of state is shown in Extended Data Fig. 3 . QENS analysis and reorientational dynamics. The supreme energy resolution for E i = 2.64 meV at AMATERAS allowed us to thoroughly examine the QENS information. The S(Q, E) data were converted into one-dimensional data at specific Q points. Q-slicing was done using the energy intervals [0.1 Å −1 ,0. . These spectra were fitted using the PAN module of DAVE by including one Lorentzian function below T t and two Lorentzians above T t , a delta function and a constant background, which were convoluted to the instrumental resolution and described the quasi-elastic scattering, incoherent elastic scattering and background, respectively. The 5-K data were used as resolution functions for the individual Q position.
At 300 K, only one Lorentzian function is needed, with an EISF defined by the intensity ratio 50 
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The resulting r is 0.85(5) Å, which approximates the configuration in which the centre of gravity of the incoherent scattering objects is on the carbon atoms that lie on the corners of the tetrahedron, as shown in Extended Data Fig. 2 . The interplay between the reorientational modes and phonons is described in Extended Data Fig. 3 , where it can be seen that the phonons become over-broadened as the isotropic reorientational modes of the molecules are activated above T t . Molecular dynamics simulations. All-atomistic molecular dynamics simulations of crystalline NPG systems were carried out using the LAMMPS 52
